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Attribution analysis of multi-
temporal scale changes of
streamflow in the source area
of Lancang River with seasonal
scale Budyko model

Zhipei Liu, Weiqiang Chen, Yali Zhang, Junchang Huang,
Yulong Guo and Guangxing Ji*

College of Resources and Environmental Sciences, Henan Agricultural University, Zhengzhou, China
Under the influence of climate change and human activities, the intra-annual

distribution characteristics of streamflow have changed, directly affecting the

exploitation of water resources and the health of ecosystems. The trend-free

pre-whitening Mann-Kendall (TFPW-MK) test method, concentration degree and

concentration period, and Bernaola-Galvan (BG) segmentation algorithm were

applied to analyze variation trend, intra-annual distribution characteristics, and

abrupt year of streamflow. Then, the monthly water storage and monthly actual

evaporation of the source area of the Lancang River (SALR) were calculated by

the monthly ABCD model. Finally, the contributions of different factors to runoff

variability at multiple time scales were quantified using the seasonal-scale

Budyko hypothesis approach. The results showed that: (1) The runoff revealed

a significant upward trend on the annual scale. Runoff exhibited a significant

upward trend in January, October and November, and runoff in other months

and seasons exhibited an insignificant upward trend. (2) The intra-annual

distribution characteristics of runoff in the SALR showed an obvious “Single-

peak type“ distribution, reaching a maximum in July and August. (3) The year of

sudden change in streamflow was 2008. (4) The contribution of climate change

and human activities to the annual runoff change was 83.3% and 16.7%,

respectively. The degree of influence of climate change on runoff change was

ranked as spring (96.8%), autumn (85.3%), winter (82.2%) and summer (58.2%).

The order of impact of human activity on runoff change was summer (41.8%),

winter (17.8%), autumn (14.7%), spring (3.2%).

KEYWORDS

streamflow changes, multiple time scales, attribution analysis, ABCD hydrological
model, Budyko hypothesis
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1 Introduction

Global climate change changes the status of the hydrological

cycle, affecting precipitation, evaporation and runoff, directly or

indirectly changing the quantity and spatial and temporal

distribution of water resources (Yan et al., 2020a; Ji et al., 2022a).

In the past 50 years, the global climate has undergone significant

changes, mainly in terms of temperature increase (Han and Wang,

2016; Huang et al., 2016). Precipitation and evaporation have been

altered at global and regional scales, with significant impacts on

watershed and regional water resources (Jay and Thomas, 2000;

Liepert and Romanou, 2005; Zeng et al., 2007). At the same time,

excessive human activities and rapid urbanization have led to

dramatic changes in the underlying surface of the basin, affecting

its hydrological cycle (Milly et al., 2005; Abbott et al., 2019). The

intra-annual distribution of streamflow changes under the

combined influence of climate change and human activities (Petts

et al., 1999; Rossi et al., 2009; Guo et al., 2020). Runoff is an

important resource related to natural environmental change,

directly affecting agricultural irrigation and production, ecological

protection and restoration, and economic development (Parry et al.,

2004; Piao et al., 2010; Qin et al., 2020; Ji et al., 2023a). Therefore, it

is important to explore the influence of human and climatic factors

on streamflow changes. For example, Climate change and human

activities can affect the intra-annual distribution characteristics of

streamflow in the Yellow River headwaters (Zheng and Liu, 2003).

The contribution of climatic and anthropogenic factors to

streamflow changes in the Yellow River basin from 1961 to 2015

was 75.33% and 24.67%, respectively (Yan et al., 2020b). Therefore,

understanding the evolution of streamflow is conducive to

understanding the influence mechanisms of climatic factors

(precipitation, evapotranspiration and soil water storage) and

human activities (factors other than precipitation, evaporation

and soil water storage) on streamflow changes, and can also

provide theoretical guidance for ecological environmental

protection and efficient use of water resources.

The Lancang River (LR) originates in the northeastern

Tanggula Mountains in Qinghai Province, China. During the past

four decades, precipitation in the LR basin has shown a significant

downward trend due to climate change (Li et al., 2017; Dou et al.,

2019; Wang et al., 2022b). The agricultural water consumption of

the LR is basically stable, and the water consumption for industry

and domestic use is gradually increasing (Gao et al., 2016). Under

the general trend of global warming, it is necessary to carry out

research on the characteristics of water resources changes in the LR

basin. Some scholars have analyzed the characteristics of streamflow

changes in the LR basin (Table 1).

However, The Lancang River is a highly distinctive basin. Some

scholars have studied the contribution of certain factors to streamflow

changes in the Lancang River basin and other basins, and fewer studies

have analyzed the contribution of different factors on multi-temporal

scale streamflow variation in the source area of the Lancang River

(SALR). Therefore, we will investigate a study on the attribution

analysis of multi-temporal scale streamflow changes in the SALR.

In order to understand the impact of different factors on multi

time scale streamflow changes in the source area of the Lancang
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River (SALR), we were committed to analyzing the characteristics

of multi time scale changes in the SALR, and quantitatively

calculating the contribution rates of different factors and multi

time scales to streamflow changes. 1) The trend-free pre-

whitening Mann-Kendall (TFPW-MK) test was devoted to

analyze the monthly, seasonal and annual runoff of the trend of

runoff variation. 2) The concentration degree and concentration

period were used to analyze the annual distribution characteristics

of runoff. 3) The M-K mutation test method and BG segmentation

algorithm were devoted to determine the sudden change year of

streamflow. 4) The ABCD hydrological model was applied to

emulate monthly-scale runoff changes at Changdu hydrological

station. 5) The seasonal scale Budyko hypothesis was applied to

attribution analysis of multi-temporal scale runoff changes at

Changdu hydrological station. This study reveals the evolution

of streamflow patterns and drivers at multiple time scales in the

SALR, which can provide a scientific basis for the efficient use of

water resources in the basin.
2 Data and research methods

2.1 Study area and data

The Lancang River originates in the northeast side of the

Tanggula Mountains in Qinghai and flows through Qinghai,

Tibet and Yunnan provinces (Zou et al., 2008). It is known as the

Mekong River after flowing out of Mengla County in

Xishuangbanna Dai Autonomous Prefecture, Yunnan Province

(Wang et al., 2022a). The Lancang River is about 2179 km in

China, with a natural drop of 4583 m and a catchment area of about

165,000 km2 (Li et al., 2022). Its main geomorphological features are

staggered distribution of high mountains and valleys (He, 1995;

Tang, 1999; Zhang et al., 2015). The watershed between Zaduo and

Changdu belongs to the transition area of the canyon, and the water

system in the region is more developed, and the dry and tributary

streams are more oblique confluence. Changdu to Wunonglong is

dominated by high mountain and canyon terrain, with short

tributaries (Chen et al., 2000). The LR is mainly controlled by the

south-west and north-east monsoons. Winters are sunny and dry

under the influence of the north-east monsoon. Influenced by the

south-west monsoon, there is a lot of cloud and rain in summer.

The SALR is an alpine zone. The spatial distribution of precipitation

decreases from south-east to north-west. The average annual

precipitation in the eastern part of the basin is more than

500 mm, while in the western part it is around 250 mm (Dou

et al., 2019). Sparse population and low exploitation of water

resources. Grassland (45.84%), forest land (35.82%) and cropland

(17.09%) are the main land use types in the SALR (Bibi et al., 2021).

The main changes in land use during the study period were a

decrease in the area of cropland and woodland, and an increase in

the area of grassland.

As the Changdu hydrological station is the control hydrological

station for SALR, therefore we used the streamflow data from this

hydrological station to analyze the characteristics of streamflow

variability at multiple time scales in the SALR. The monthly
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https://doi.org/10.3389/fevo.2023.1229198
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2023.1229198
streamflow data of Changdu hydrological station from 1966–2016

were derived from the Hydrological Yearbook and the National

Center for Earth System Science Data (www.geodata.cn).

Meteorological data were derived from China Meteorological
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Data Network (http://data.cma.cn). Based on the data, we

analyzed the characteristics of streamflow variation in the SALR.

Figure 1 shows the locat ion of SALR and Changdu

hydrological station.
TABLE 1 Some research on the Lancang River Basin.

Author Research
period

Station Main conclusions

Li et al.
(2022)

1990–2019 Wunonglong Its annual streamflow does not vary significantly, but it reveals an increasing trend in winter streamflow and a decreasing
trend in summer streamflow.

Han
et al.
(2019)

1980–2014 Yunjinghong The contribution of climate change to streamflow change was 57% during the period 1987–2007. During the period 2008–
2014, the contribution of human activities was 95%. Reservoir construction was the most significant factor affecting
streamflow.

Zhai
et al.
(2016)

1964–2010 Yunjinghong,
Jiajiu, Jiuzhou

There is a clear upward trend in the location of streamflow from upstream to downstream.

Sun
et al.
(2022)

1964–2019 Yunjinghong,
Jiajiu

The annual streamflow showed a slight downward trend due to the influence of precipitation.

Tang
et al.
(2014)

1956–2008 Yunjinghong The contribution of human activities to annual streamflow variability was large (54.6%). Climate change in the rainy
season contributed significantly to streamflow changes (65.8%), while human activities in the dry season contributed
significantly to streamflow changes (85.3%).

Bibi
et al.
(2021)

2002–2016 — The precipitation in the basin decreased and the streamflow showed a downward trend (2002–2016).

Liu et al.
(2023)

1982–2015 Yunjinghong Vegetation change cover was the main factor resulting in streamflow change.

Liu et al.
(2020)

1961–2015 Yunjinghong Both climate change and human activities contributed to reduce streamflow.

He et al.
(2018)

1957–2006 Jiuzhou Streamflow had the largest variable importance to the sediment load change
FIGURE 1

Schematic of Lancang river source area and Changdu hydrological station.
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2.2 Research methodology

2.2.1 TFPW-MK trend analysis method
The rank-order non-parametric statistical test, Mann-Kendall,

does not require the sample to obey certain distributional

characteristics and is less susceptible to interference from a few

outliers. However, as the runoff time series are highly

autocorrelated and the presence of autocorrelation affects the

magnitude of the MK test statistic, in particular, positive

autocorrelation amplifies the significance of the time series.

Therefore, the trend-free pre-whitening Mann-Kendall (TFPW-

MK) test method was used for analyzing the variation trend of

time series data (Yue and Wang, 2002). The method improves the

accuracy of the hypothesis testing of the time series without

weakening the trendiness of the time series and is a more

reasonable test (Xv et al., 2006).
2.2.2 Concentration degree and concentration period

This method treats the runoff volume of all months in a year as

vectors. The magnitude of the monthly runoff is the modulus of that

month’s runoff and the month in which it is located is the direction

of the runoff vector. The azimuths of the locations where the srunoff

vectors are located from January to December are 0°, 30°, 60°, …,

330° (December). Find the sum of the horizontal component (Rx)

and vertical components (Ry) of the 12-month runoff volume and

find the synthetic vector of runoff (R) (Sun, 2022a).

Rx =o
12

i=1
ri sin qi (1)

Ry =o
12

i=1
ri cos qi (2)

R =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R  2
x + R  2

y

q
(3)

Where, ri is the runoff volume in month i, qi is the vector angle
of runoff in month i, and i is the monthly sequence (i= 1, 2, 3,…,12).

The ratio of the modulus of the synthetic vector to the annual

runoff (Ryear) is the Runoff concentration degree (RCDyear), and the

ensemble vector direction is the Runoff concentration period

(RCPyear).

RCDyear =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R  2
x + R  2

y

q
Ryear

(4)

RCPyear = arctan
Rx

Ry
(5)

The maximum value is reached when RCDyear is 1. If the runoff

is relatively average across the months, the RCDyear is

approximately equal to 0 and the concentration degree is a

minimum, i.e. it indicates that the runoff is relatively evenly

distributed across the 12 months (Zheng and Liu, 2003).
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2.2.3 Mutation test method
Mann-Kendall mutation test’s advantages are that it does not

require the sample to follow a certain distribution, it is not disturbed

by a few outliers, and it is easy to calculate (Gong and Jin, 2009; He

et al., 2013; Ji et al., 2021a). In this paper, the M-K mutation test is

devoted to determine the time region in which the mutation

occurred. Analyzing the plotted UF and UB graphs, if the value

of UF or UB is greater than 0 it indicates an upward trend of the

series, and less than 0 indicates a downward trend. If there is an

intersection of the two curves UF and UB and the intersection point

is between the critical lines, then the moment corresponding to the

intersection point is the time when the mutation starts (Wang et al.,

2015; Huang et al., 2016a; Yan et al., 2020b).

The Bernaola-Galvan (BG) segmentation algorithm is an

effective method for detecting non-linear, non-smooth time series

(Bernaola-Galván et al., 2001). The BG segmentation algorithm is

suitable for mutation monitoring of non-stationary time series and

can accurately detect mutation points. Using the ith point as the

time series cut-off point, calculate the mean u1(i), u2(i) and

standard deviation S1(i), S2(i) of the left and right segments of the

ith point (i=1, 2, 3,…, n−1). The t-test statistic T(i)and the

combined deviation SD(i)at the ith point are as follows (Sun et al.,

2014).

T(i) = ½u1(i) − u2(i)�=SDj j (6)

SD = ½(S21(i) + S22(i))=n1 + n2 − 2�12 � 1
n1

+
1
n2

� �1
2

(7)

Calculating the t-test statistic T(i) for each data in turn from left

to right yields a T-series from which the maximum Tmax is found as

well as the index j. If the statistical significance P(Tmax) >= P0 (P0 is

a given parameter), the series can be split at the jth sample, i.e. the

mutation point (Jiang et al., 2015).

P(Tmax) ≈ (1 − I v
v+T2max

(dv, d ))h (8)

h = 4:19 ln n − 11:54, d = 0:40, n is a sample of the time series,

v = n − 2, Ix(a, b)is an incomplete b function.

Similarly, the above operation can be repeated for the two

subsequences after the split until they are indivisible. To ensure

statistical validity, if the subsequence length is less than or equal to

l0, the subsequence will not be split (Liu et al., 2023). Normally, P0 is

taken in the range of 0.50 to 0.95 and l0 should not be less than 25

(Feng et al., 2005).

2.2.4 ABCD hydrological model
The ABCD model consists of two water storage components:

the soil aquifer and the groundwater layer, the basic principle of

which is the water balance principle. The equation for the water

balance in a soil aquifer can be expressed as (Ji et al., 2021b):

Pt − ETt − DRt − GRt = St − St1 (9)

Where Pt is the monthly rainfall; ETt is the actual monthly

evaporation (mm); DRt is the direct surface runoff (mm); GRt

represents the groundwater recharge (mm); St and St1 represent the
frontiersin.org
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current and previous month’s soil water content (mm). Effective

water volume Wt and possible evaporation Yt:

Wt = St1 + Pt = St + ETt + GRt + DR (10)

Yt = St + ETt (11)

The probable evaporation Yt is the maximum amount of water

that can leave the watershed in the form of evaporation, while the

effective water Wt is the sum of the probable evaporation and the

outflow from the soil aquifer. The possible evaporation Yt is

expressed as (Guo et al., 2022):

Yt =
Wt + b
2a

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wt + b
2a

� �2

−
bWt
a

s
(12)

Where a is the probability of forming runoff before the soil is

fully saturated; parameter b is the upper limit of unsaturated aquifer

storage capacity.

The ABCD model assumes that the ratio between the rate of

decrease in soil water content S due to evapotranspiration and the

potential evapotranspiration is St/b,i.e.:

dSt
dt

= −PETt
ST
b

(13)

St = Yt exp
−PETt

b

� �
(14)

Where, PETt represents the potential evaporation, and the

potential evaporation is calculated using Penman’s formula (Ji

et al., 2021c):

PETt =
0:408D(Rn − G) + r 900

T+273 U2(ea − eb)

D + r(1 + 0:34U2)
(15)

Where, D indicates the slope of the saturation vapour pressure

versus temperature curve (kPa °C−1).U2 denotes the wind speed at 2 m

(m/s). ea and eb are the saturation vapour pressure at air temperature

(kPa) and the actual vapour pressure of the air (kPa) respectively. For

the groundwater layer component, the water balance equation is:

Gt + GDt = Gt1 + GRt (16)

Where, GDt is groundwater runoff; GRt is groundwater

recharge; Gt and Gt1 are groundwater storage in the current

month and the previous month, respectively. Groundwater

recharge GRt and subsurface runoff GDt can be expressed

respectively as follow (Zhuang et al., 2022).

GRt = c(Wt − Yt) (17)

GDt = dGt (18)

Where, parameter c is the proportion of groundwater recharge

from the soil aquifer; parameter d is the rate of groundwater

formation outflow; DRt+GDt is the sum of surface runoff and

subsurface runoff.

The mean square error or deterministic coefficient of simulated

runoff and measured runoff can be used as an objective function for
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model parameter preferences. In this paper, the Nash coefficient is

chosen as the objective function for model parameter preference.

NSE is denoted as follow.

NSE = 1 −
MSE

1
NoN

i=1(Q
obs
i − mo)

2 (19)

MSE = o
N
i=1(Q

pred
i − Qobs

i )2

N
(20)

Where, N is the length of the sample series; Qpred
i is the

simulated runoff depth (mm); Qobs
i is the measured runoff depth

(mm); so is the average value of the measured runoff (mm).

2.2.5 Seasonal scale Budyko model
There are there presuppositions for the Budyko formula, which

was applied for quantitatively computing the contribution of

different factors to runoff: 1) human factor, climatic factor and

vegetation are independent; 2) The runoff change in the base period

is only affected by climatic factor; 3) Except for runoff changes

caused by precipitation, potential evapotranspiration, and

vegetation changes, all other factors that affect runoff changes are

unanimously considered as human factors (Yang et al., 2008;

Caracciolo et al., 2018; Zhang et al., 2019; Li et al., 2020).

The equation is based on the seasonal scale Budyko model and

expressed as Turc-Pike form (Chen et al., 2013; Li et al., 2020; Ji

et al., 2021b).

E
P − DS

= 1 +
Ep

P − DS
− j

� �−w� � 1
w

(21)

Where, EP
P−DS is the drought index;

E
P−DS is the evaporation rate; j

is the lower bound of the drought index; DS denotes the soil water

storage variable; w denotes the characteristic parameter of the

subsurface (Caracciolo et al., 2018).

The vertical decomposition approach considers that climate

change affects runoff by altering effective precipitation and potential

evapotranspiration. And what human activities change is the

proportion of effective precipitation distributed between

evaporation and runoff. There is a change in DS at the seasonal

scale, and the model assumes that if there is no human activity,

when P and Ep change, DS changes accordingly (Wang and

Alimohammadi, 2012). In this study, the horizontal variable is

the potential evaporation divided by the effective precipitation,

which is influenced only by climate change. The vertical variable

is actual evaporation divided by effective precipitation, which is

influenced by both human activity and climate change.

The effects of climate change can induce both horizontal and

vertical components, both of which can affect runoff, but direct

anthropogenic disturbance factors can only affect the vertical

component. An expression to calculate the contribution of human

disturbance to runoff changes, and an expression for the ratio of

runoff divided by precipitation evaporation, are shown below

(Wang and Hejazi, 2011):

R = P(1 − E=P) (22)
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DRh = P2(E
0
2=P2 − E2=P2) (23)

E0
2=P2 and E2=P2 are the values of the vertical coordinates of two

points with the same horizontal coordinate in the model,

respectively. R1 and R2 are the runpff depth of two periods,

respectively, and the total runoff depth variation is DR = R1 − R2.

The change in runoff due to climate change (DRc) is the difference

between DR and the change in runoff due to human activities (DRh).

DRc = DR − DRh (24)

Thus, the equation for the contribution of climate change and

human activities to the amount of runoff change can be derived as:

hRc =
DRc

DR
� 100% (25)

hRh =
DRh

DR
� 100% (26)
3 Results and analysis

3.1 Trend analysis

In this paper, the TFPW-MK trend test approach was devoted

to dissect the change trend of monthly, quarterly, and annual

runoff. From the rate of change of runoff in Table 2, the slope of

runoff is greater than zero on either the monthly, seasonal or annual

scales. The runoff showed a significant upward trend at the 0.05

level of significance in January, October and November. The runoff

of March showed a significant upward trend at the 0.01 level of

significance. The rest of the months showed a non-significant trend

in runoff. On a seasonal scale, the runoff of all seasons showed a

non-significant trend, except for winter, which showed a significant

upward trend at the 0.01 level of significance. On an annual scale,

runoff showed a significant upward trend at the 0.05 level of

significance. This may be due to winter snowfall and the fact that

the surface temperature is not low enough to cause an increase in

snowmelt runoff. October coincided with the flood season and

increased precipitation, resulting in a significant trend of

increased runoff.
3.2 Intra-year change characteristics

From Figure 2, the runoff depth in the SALR appeared a clear

“Single-peak type” distribution at all periods. Runoff depth was at a

low value from January to March, began to rise slowly from April to

May, rose significantly from June onwards, reached a basic

maximum in July or August, and tended to fall significantly from

September to November until it reached a minimum in December.

Therefore, the runoff in the SALR was mainly concentrated in June–

August, this coincided with the fact that atmospheric precipitation

in the region was mainly distributed from June to August.
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Table 3 lists the RCD, RCP and the time of maximum runoff

occurrence for each decade from 1966–2016 in the SALR. RCD

showed an upward trend between the 1960s and 1980s, and a

fluctuating downward trend between the 1980s and 2010s. Overall,

RCP showed a downward trend. The RCP of each period were

mainly concentrated in 242°–251°. The time of maximum runoff all

occurred mainly in September.

Figure 3 presented the inter-annual trend of RCD and RCP in

the SALR from 1966 to 2016. The linear regression slope of RCD in

the SALR was −0.0003 in Figure 3A. This indicated an overall non-

significant decreasing trend. The linear regression slope of RCP in

the SALR was −0.0215 in Figure 3B. This indicated an overall non-

significant downward trend of the RCP.
3.3 Abrupt change analysis

M-K mutation test approaches were applied to identify the

abrupt change characteristics of streamflow series data in the SALR

from 1966–2016 (Figure 4). Figure 4 displayed that UF and UB

intersected in 1980, 1982, 2005, and 2008, and the intersection

points were all within the 0.05 significance level line, which

indicated that 1980, 1982, 2005, and 2008 might all be mutation

year of the streamflow in tha SALR. In order to clarify the mutation

year of streamflow, we will use the BG segmentation algorithm to

further analyze the mutation year.

In this study, the BG segmentation algorithm were applied to

identify abrupt years in the annual streamflow variation process at

the Changdu hydrological station in the SALR basin. Figure 5 shows

the statistical results of the T-test based on the BG segmentation

algorithm. Calculating the T-test statistics for each year to measure

the variability of the mean values of two subsequences. The year

with the largest T-test statistic (Tmax) may be the year of mutation.

The largest T-test statistics is about equal to 2.8 and occur in 2008,

implying that the mutation year of annual streamflow in Changdu

station may occur in 2008. Calculating the significance probability P

(Tmax) corresponding to the largest T-test statistic (Tmax). The

greater the P(Tmax), the better the significance. The basic

parameter range is set between (0.5–0.95), it is generally

considered plausible to take the value between this range, and in

this paper, in order to distinguish it from other points as a

distinction, we took a different value according to its actual

situation, i.e., the parameter P0 was set to 0.60 in this study, and

l0was set to 25. Therefore, P(Tmax) is 0.60904 and is greater than

0.60 (P0), which proved that annual streamflow of Changdu station

mutated in 2008. l0should not be less than 25. Combining the M-K

mutation test and BG segmentation algorithm, we considered 2008

as the year of abrupt change in the streamflow of LR basin.
3.4 Hydrological simulation

Since the abrupt change year was 2008, the research period were

divided into base period (1966–2008) and mutation period (2009–
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2016), and the ABCD model runoff simulation was applied for

simulating runoff variation process of base period (1966–2008) and

mutation period (2009–2016). Table 4 shows the parameters and

Nash coefficients of the ABCD model. Figures 6A, B compared the

measured runoff with the simulated runoff results in the base period

and mutation period respectively. The simulated and measured
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runoff for the base and abrupt change periods fitted well, and the

Nash coefficient was 0.80 for the base period and 0.75 for the

mutation period, indicating that the ABCD model has performed a

good simulation of the runoff in the watershed and had high accuracy

in runoff simulation. The simulation results of this basin were good

and could provide data support for subsequent calculations.
TABLE 2 Trend test result on runoff.

Month Rate of change b(mm/a) Z Level of significance Results of inspection

January 0.02 2.16 0.05 Upward trend

February 0.01 1.84 — No significant trend

March 0.02 2.63 0.01 Upward trend

April 0.02 1.16 — No significant trend

May 0.06 0.97 — No significant trend

June 0.23 1.57 — No significant trend

July 0.15 0.87 — No significant trend

August 0.06 0.70 — No significant trend

September 0.11 1.20 — No significant trend

October 0.13 2.07 0.05 No significant trend

November 0.07 2.55 0.05 Upward trend

December 0.02 1.22 — Upward trend

Spring 0.04 1.84 — No significant trend

Summer 0.15 1.27 — No significant trend

Autumn 0.11 1.76 — No significant trend

Winter 0.03 3.95 0.01 Upward trend

Year 0.08 1.99 0.05 Upward trend
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Distribution characteristics of annual runoff in source region of LR.
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3.5 Attribution analysis of multi-temporal
scale runoff change

For analyzing the effects of climate change and human activities

on runoff using the seasonal-scale Budyko scenario approach,

Budyko curves of different time scale in the base period were first

fitted using the least squares method. Table 5 shows the parameters

value of Budyko curves in the base period.

The values of precipitation, potential evapotranspiration and

water storage at different time scales in the base period and

mutation period were calculated separately and are shown in

Table 6. Compared to the base period (1966–2008), precipitation,

potential evapotranspiration and water storage of spring during the

mutation period (2009–2016) increased by 14.76mm, 7.63mm and

3.88mm respectively. The variation value of precipitation, potential

evaporation and storage in summer were 15.88mm, 11.42mm and

−10.51mm respectively. The change value of precipitation, potential

evaporation and storage in autumn were 14.28mm, 7.27mm and

−6.28mm respectively. In winter, the change value of precipitation,

potential evaporation and storage were −2.76mm, 18.15mm and

−13.18mm respectively. Annual precipitation was 42.15mm,

potential evaporation was 44.47mm, water storage was −26.08mm

and annual runoff was on the rise.
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Based on the simulation results of the ABCD hydrological

model and the parameter values of the fitted Budyko curves in

the base period, the effects of climate change and human activities

on the seasonal and annual runoff changes were calculated, as

shown in Figure 7. Compared to the base period (1966–2008), the

contribution of climate change and human activities to annual

runoff changes was 83.3% and 16.7% respectively. From a seasonal

perspective, climate change contributed 96.8%, 58.2%, 85.3% and

82.2% to runoff changes in spring, summer, autumn and winter,

respectively, in the mutation period (2009–2016). Therefore,

climate factors played the main factor influencing seasonal runoff

changes, and the contribution rates were ranked as spring > autumn

> summer > winter.

The main reason for the higher contribution rate of climate

variation in spring, autumn and winter may be that the overall

temperature and precipitation on the Qinghai Tibet Plateau have

increased in recent decades. The runoff depth change value of

summer between base period and mutation period is relatively

large, and human activity contributed 41.8% to runoff changes of

summer in the mutation period (2009–2016). This may be caused

by the melting of summer ice and snow. In this paper, we classified

factors other than precipitation and evaporation as human

activities, therefore, the melting of summer ice and snow was

classified as human activities.
4 Conclusion and discussion

In this paper, based on the monthly measured streamflow data

from 1966–2016 at the Changdu hydrological station in the SALR,

firstly we applied the TFPW-MK trend test, concentration degree

and concentration period to analyze the change trends and intra-

annual distribution characteristics of runoff at different time scales.

The Mann-Kendall mutation test and the BG segmentation

algorithm were then combined to determine the mutation year of

runoff. Then, the monthly water storage and monthly actual
TABLE 3 Statistical characteristics of annual runoff distribution at
Changdu hydrological station.

Year RCD (%) RCP(°) Time of maximum runoff

1960s 47.3 242.62 September

1970s 49.4 249.94 September

1980s 51.3 249.11 September

1990s 48.7 250.18 September

2000s 50.2 247.69 September

2010s 47.0 248.14 September
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Inter-annual variations of RCD (A) and RCP (B) in the SALR.
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evaporation of the source area of the Lancang River (SALR) were

calculated by the monthly ABCDmodel. Finally, the contribution of

different factors to the multiple time scales runoff variability were

quantified using the seasonal scale Budyko model. The following

conclusions were drawn.
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1. The runoff in the SALR showed a significant upward trend

in January, October and November and winter. This may

be due to winter snowfall and the fact that the surface

temperature is not low enough to cause an increase in

snowmelt runoff. October coincided with the flood season

and increased precipitation, resulting in a significant trend

of increased runoff.

2. The intra-annual distribution of runoff in the SALR showed

an obvious “Single-peak type” distribution, with maximum

runoff in July and August, with no significant inter-annual

variation. There was no significant downward trend in the

concentration degree and concentration period, and the

maximum runoff occurred in September.

3. Combining the M-K mutation test and BG segmentation

algorithm, the year of abrupt change of streamflow in the

SALR was determined to be 2008. The Nash coefficients of

ABCD hydrological model for the base period and abrupt

change period were 0.80 and 0.75, which proved that the

ABCD monthly hydrological model could well simulate the

monthly runoff variation of Changdu hydrological station.

4. Both climate change and human activities had a positive

effect on annual runoff growth, with contributions of 83.3%

and 16.7%, respectively. The degree of influence of climate

change on runoff change was ranked as spring (96.8%),

autumn (85.3%), winter (82.2%) and summer (58.2%). The

order of impact of human activity on runoff change was

summer (41.8%), winter (17.8%), autumn (14.7%), spring

(3.2%).
The abrupt changes in the LR in 2008 are closely linked to

climate change and human activities. Revegetation and planting are

of great concern due to the high priority given to sustainable

development in society. Changes in vegetation cover affect

precipitation, potential evapotranspiration and substratum, and

thus changes in streamflow. In the process of vegetation planting

and restoration, the reduction in streamflow will be controlled.

However climate change is an important factor influencing

vegetation growth (Liu et al., 2023). The impact of human

activities on streamflow can be directly or indirectly influenced by

the construction of hydraulic engineering facilities that alter the

quality, quantity and course of streamflow by changing the

subsurface conditions. Human impact on streamflow through soil

and water conservation, forestry and grazing, dams and diversions,

etc (Arnell and Gosling, 2013; Van Vliet et al., 2013; Ji et al., 2022b).
FIGURE 4

M-K mutation test results of Streamflow in LR Basin from 1966 to
2016.
FIGURE 5

T-test statistics change based on BG segmentation algorithm.
TABLE 4 ABCD simulated runoff parameters and Nash coefficient.

a b c d NSE

Value ranges 0–1 0–1000 0–1 0–1 −∞–1

Base period 0.82 327.04 0.07 0.75 0.80

Mutation period 0.82 335 0.07 0.75 0.75
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This paper analyzed the trends of streamflow variation at

different time scales and quantitative calculation of the

contribution of different factors to multi-time scale streamflow

variability. It also provides an important basis for water resources

allocation and basin management in the SALR. We controlled the
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data and the used model precisely, but there are still some

shortcomings in this study. We have used streamflow data from

one hydrological station for the study, which is not fully

representative of the actual situation of the whole river.

Furthermore, in this paper, precipitation, evaporation and soil

water storage are classified as climatic factors and other factors

are classified as human activities, so there may be a lack of precision

in carrying out the computational analysis. Moreover, the study

ignored the reciprocal effect between climatic factor, vegetation and

human factor (Wang et al., 2022; Gao et al., 2023), we should

systematically quantify the influence of climatic conditions and

anthropic factor interactions on eco-hydrological systems in the

follow-up study (Wu et al., 2017; Al-Safi et al., 2020). Additionally,

many glaciers are distributed in the SALR. In the context of

global warming, the increase in snow melt and ice melt in the

SALR basin due to the rise in temperature needs to be taken

seriously. In the follow-up study, the contribution rate of glacier

melting to streamflow change will be quantitatively analyzed
A

B

FIGURE 6

Comparison of the observed runoff and simulated runoff in the base period (A) and mutation period (B).
TABLE 5 The parameters value of the Budyko curves in the base period.

Time scale
Parameter

w j

Spring 1.12 1.14

Summer 1.3 0.29

Autumn 1.29 0.35

Winter 0.89 0.32

Year 1.17 0.49
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(Ji et al., 2023b). The actual situation in the basin and the analysis of

the intra-annual distribution of streamflow characteristics should

be studied in depth and corresponding countermeasures should be

taken in a timely manner.
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TABLE 6 Values of changes in precipitation, potential evapotranspiration and water storage at different time scales during the base period and
mutation period.

Time
scale

Base
period P/

mm

Mutation
period P/

mm

Change
value/
mm

Base
period Ep/

mm

Mutation
period Ep/

mm

Change
value/
mm

Base
periodDS/

mm

Mutation
periodDS/

mm

Change
value/
mm

Spring 75.86 90.62 14.76 273.76 281.39 7.63 −22.10 −18.22 3.88

Summer 337.76 353.64 15.88 322.94 334.36 11.42 53.58 43.07 −10.51

Autumn 124.76 139.04 14.28 182.15 189.42 7.27 −32.70 −38.98 −6.27

Winter 19.05 16.29 −2.76 111.47 129.62 18.15 −31.33 −44.51 −13.18

Year 557.43 599.58 42.15 890.32 934.79 44.47 −32.56 −58.64 −26.08
f

6.09 7.1

14.53

4.47

42.74

0.2

5.09

2.5

0.97

8.54

0

10

20

30

40

50

60

Spring Summer Autumn Winter Year

R
u
n
o

ff
（

m
m
）

Time

Climate change Human activities

FIGURE 7

Calculations of climate change and human activities impacts on runoff in mutation period (2009–2016).
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